The paper presents the results of radon concentration measurements in thermal waters of Kuzuluk and Taraklı (Sakarya, Turkey) and their contribution to annual effective dose exposure. The radon measurements were performed using RAD 7, a solid state α detector, with RAD H2O accessory. The results show that the radon activities are within the range of 0.19-5.89 Bql −1 with an average value of 0.98 Bql −1 . The associated annual effective doses have been estimated to range from 0.14 to 0.40 µSvy −1 for ingestion and from 1.81 to 5.14 µSvy −1 for inhalation of radon released from the water. These values are significantly lower than the WHO recommended limit of 100 µSvy −1
Introduction
Radon 222 Rn () is an alpha-emitting, colorless, odorless, radioactive noble gas produced naturally in the environment by the decay of radium in uranium decay chain [1, 2] . It is well known that some geothermal waters can have high concentrations 222 Rn [3] . These waters are used in thermal spas where therapy is carried out and generally 70% of radon in water is released to the indoor air [4] . Thus, the exposure of radon and its short-lived decay products namely, 218 Po and 214 Po, present in spa facilities can reach elevated values [5] . The exposure of person to high concentration of 222 Rn and its progeny for a long period leads to health problems, particularly lung cancer, resulting from inhalation of radon [6] . However, a very high level of radon in ingested drinking water can also leads to a significant risk of stomach cancer [7] . Because of its potential health hazard, radon level in thermal waters and associated effective doses have been documented in many regions worldwide for decades [5, [8] [9] [10] and also led to extensive surveys in Turkey [11] [12] [13] [14] [15] . In the present study, the radon contents of thermal waters located in Kuzuluk and Taraklı regions of Sakarya were measured and the results were evaluated according to international recommendations.
Experimental details
Radon concentration measurements were performed in selected five thermal waters in Kuzuluk and Taraklı during a period of time between March 2014 and September 2014. Kuzuluk and Taraklı are well-known geothermal areas in Turkey. They lie on tectonically active North Anatolian Fault Line and its branched sub-faults. * corresponding author; e-mail: ertugral@sakarya.edu.tr
The thermal springs in area are controlled by these fracture patterns. The hot springs in the area are used for physical therapy and drinking purposes by visitors. 222 Rn concentrations in thermal waters were measured using RAD 7, an electronic radon detector (Durridge Company Inc.), connected to a RAD H 2 O (radon in water) accessory. Before the sampling, approximately 5 l of water was let out. Then, the water samples were collected in special glass bottles (250 ml capacity). In laboratory, the bottles were connected to the RAD 7 and the internal air pump of it was used for purging radon from the water into the air-loop. The pump runs for 5 min, aerating the sample (Fig. 2) and delivering the radon to the RAD 7. The system waits a further 5 min and then it starts counting. After 5 min, it print out a short-form report including the radon activity (in Bql −1 ) in water. The same things repeat again for 5 min later and for two more 5-min periods after that [16] .
The annual effective dose due to ingestion of radon is calculated using the relation [2] :
here C Rn is the radon concentration of ingested water in terms of Bql −1 , I a describes the annual intake of drinking water (60 ly −1 ) and D f refers to dose conversion factor, 3.5 × 10 −3 µSvBql −1 . The dose contribution arising from the release of 222 Rn in water to the air is calculated using the relation [2] :
where C Rn w (in Bqm −3 ) is the radon concentration in water, R w is the ratio of radon in air to the radon in water (10 −4 ), T is the average indoor occupancy time per person (7000 hy −1 ), F is the equilibrium factor between radon and its progenies (0.4), and D f is a dose conversion factor (9 nSv h
Results and discussions
The results of 222 Rn measurements in thermal waters of Sakarya have been represented in Fig. 3 . The radon levels in the measured thermal waters varied between 0.19 Bql −1 and 5.89 Bql −1 with an average value of 0.98 Bql −1 . The lowest 222 Rn concentration (0.19 Bql −1 ) was recorded in Kuzuluk 3 thermal water, while the highest level (5.89 Bql −1 ) was measured in Taraklı 2 thermal water. The high value of radon measured in August and September in Taraklı 2 station may be due to the seismic events which cause rise in the emanation coefficient of radon from the rocks [17] . Geologically, Kuzuluk and Taraklı located on tectonically active North Anatolian Fault Line and its branched subfaults. The relations between the variations of radon concentration in water and the seismic activities have been documented in some studies [18] .
In Table the 222 Rn contents in five thermal waters monitored in Sakarya and associated annual effective doses have been compared with those reported by other works. As can be seen from Table, radon levels recorded in the present study are relatively low when they are compared to corresponding radon activity measured in Italy [5] , in Venezuela [8] , in Iran [9] , in Serbia [10] and also is lower than those reported from other parts of Turkey namely Dikili [12] and Bursa [14] , but comparable to radon levels reported from Yalova [11] and from West Anatolia [13] . It is interesting to note that both of Yalova and Sakarya lie on North Anatolian Faulth Zone. Besides, the geological feature of Western Anatolia characterised by the near convergence of active fault systems are the same as Sakarya and Yalova regions. The activity concentrations of thermal waters measured in this study is slightly higher than those reported from Amasya [15] . On the other hand, there are geothermal aquifers where radon activity can reach higher levels than our results [9] .
The annual effective doses range from 0.14 to 0.40 µSvy −1 for ingestion of radon in water and from 1.81 to 5.14 µSvy −1 for inhalation of radon released from the water. In addition, the total average annual effective dose was estimated to be 2.69 µSvy −1 . These values are well below the reference level of 100 µSvy −1 recommended by WHO [19] .
Conclusion
The first results of radon measurements in thermal springs of Kuzuluk and Taraklı basin were presented. The annual effective doses from ingestion and inhalation of radon were estimated and the contributions of radon isotope to the exposure of people who use the spa waters for therapeutic purpose were assessed. The total annual effective doses determined in this study are well below the total indicative dose of 100 µSvy −1 suggested by WHO [19] for all groups of the population. Thus, radon present in thermal waters of Sakarya does not pose any significant health risk to the public.
